A fully Eulerian "multi-fluid" model of air blast atomization is discussed. The model envisions the system as consisting one carrier fluid phase and N drop phases, each having a discrete diameter. Discretization of the drop size distribution is often employed as part of numerical solutions. In the current approach, discretization is made part of the model itself in order to both take advantage of the large body of existing knowledge related to multiphase continuum mechanics and to make the resulting formulation consistent with the structures of the Eulerian multi-fluid solvers contained in contemporary commercial CFD packages. A complete formulation involving balances of mass, linear momentum, and energy for N+1 fluid-like continua (fluid phase plus N drop phases) is discussed. Some preliminary results are presented for a model problem allowing closed form solution. These are interpreted to illustrate the drop breakup concepts.
INTRODUCTION
Airblast spray atomization is an essential rate determining step in the process of chemical energy release in a gas turbine engine combustor. The combustion efficiency is dependent on the ability of the atomizer to produce an optimal drop size distribution. While mean drop size is one of the critical parameters that has been used to describe the results of the process of atomization, the drop size distribution, which in a typical gas turbine spray may span three decades, is sometimes equally or more important. While the smallest drops are evaporated instantaneously and may be responsible for localized hot spots and NOx generation, the largest drops in the spray have been shown to be the cause of particulate matter emission as well as unburnt hydrocarbons (UHC) in the exhaust. Predicting not only the mean drop size but also the drop size distribution is therefore essential to being able to mitigate these effects. This is also an essential first step to being able to control drop size distribution by appropriate design of the atomizer geometry.
Existing models to predict drop size distribution appear to fall into the five general categories: (i) empirical, (ii) based on the maximum entropy principle (MEP), (iii) based on a discrete probability function (PDF), (iv) Eulerian internal variable models and (v) based on population balance concepts. A review of the former three approaches is given by Babinsky and Sojka (2002) . Eulerian internal variable models (e.g. Vallet et al., 1999) are based on the use of internal variables such as total drop volume and total drop surface area, used to roughly characterize the drop size distributions. The population balance approach is discussed in detail in the book by Ramkrishna (2000) . Empirical, MEP, and PDF models produce drop size distributions which can be only used as inputs to subsequent models, e.g. chemical reaction. Moreover, they require significant "tweaking" outside the model to achieve good comparison with empirical data, thus reducing the generality of their application. Population balance methodology, on the other hand, can be used not only in this manner, but also to create models in which atomization occurs simultaneously with other physical processes. It is felt, therefore, that the population balance approach is the most appropriate to be able to predict the spatial evolution of drop size distribution.
The applicability of population balance models is further enhanced by the fact that the break up process exhibits a certain degree of universality in the breakup structure. Most commercial CFD codes are capable of modeling the air and liquid flow inside the atomizer. The model discussed herein seeks to complement that capability by forming the basis for an additional module that could predict the drop size distribution evolution in an Eulerian description using the conditions at the atomizer exit as a boundary condition. Such a self-contained generalized model that relates the drop size distribution to atomizer geometry and performance conditions would be helpful to design engineers.
Population balance modeling has received extensive attention recently from both academic and industrial quarters because of its applicability to a wide variety of particulate processes. A population balance model is defined by the collective phenomenology contained in the displacement of entities through their state space and the birth-and-death processes that terminate existing entities and produce new entities. For example, nucleation of particles, break-up, aggregation etc., are processes that govern the birth-and-death of drop population.
In this paper, a fully Eulerian multi-fluid model of air blast atomization is proposed. The model envisions the system as consisting of one carrier fluid phase and N drop phases, each having a discrete diameter. Discretization of the drop size distribution is often employed as part of numerical solutions of population balance equations. Examples are differencing in the volume coordinate of the population balance equation discussed by Nere and Ramkrishna (2005) and grouping of drops into computational parcels in the Lagrangian tracking approach used by Apte et al. (2003) . Here discretization is made part of the model itself in order both to take advantage of the large body of existing knowledge related to multiphase continuum mechanics and to make the resulting formulation consistent with the structures of the Eulerian multi-fluid solvers contained in contemporary commercial CFD packages. It should be pointed out that there is essentially no difference between a discretized population balance approach and a multiphase continuum mechanics approach. 
NOMENCLATURE

Symbol
MODEL DEVELOPMENT
A complete formulation requires balance equations of mass, linear momentum, and energy for N+1 fluid-like continua (fluid phase plus N drop phases). For the sake of brevity, the following discussion will focus on the drop phase mass balance equations which illustrate the interphase mass exchange describing the breakup process. The mass balance equation for drop phase i (with i = 1 corresponding to the largest drop) has the form,
In interpreting (1), a convention is used that if the upper limit of a summation is smaller than the lower limit the summation is taken to be zero. The first term on the right hand side of equation (1) describes the mass loss to smaller drops while the second term represents the mass gained from larger drops. The co-efficients n ij must satisfy the constraints,
to ensure that interphase and overall mass balance are satisfied. Equations of form of (1) can also be determined by discretizing the evolution equation of population balance models (e.g. Nere and Ramkrishna, 2005) .
Many of the drop breakup mechanisms (e.g. Nere and Ramkrishna, 2005) postulated in the existing literature are such that the Γ's do not depend explicitly on N's. Such explicit dependence (which often occurs in predator/prey modeling) is not precluded in the above analysis.
ANALYTICAL SOLUTION
It can be seen from the structure of equations (1) that (with the s ' V given) they can always be solved in a sequential manner beginning with the equation for the largest drop size and proceeding successively to smaller drop sizes. It is of interest, therefore, to develop efficient methodologies to carry out sequential solutions of this kind. In this paper a step in this direction is taken through the consideration of an idealized model problem for which all drop phases execute a slug flow with (constant) velocity U in the z direction. This causes equations (1) to reduce to the simple forms where a superposed prime denotes differentiation with respect to z. Equations (3) can be recognized as equivalent to the equations governing the discrete form of the classical breakup (fragmentation) problem with the time variable t appearing therein replaced by z/U in equations (3). It is also interesting to point out that equations (3) could have been derived by averaging equations (2) of Nere and Ramkrishna (2005) across the cross section of the pipe in which drop breakup is occurring. If it is assumed that drop motion in the immediate vicinity of an air blast atomization nozzle is unaffected by gas/particle drag (frozen -flow), equations (3) could be thought of as qualitatively applicable in the near nozzle region. Regardless of whether this is the case, equations. (3) are believed to constitute a useful model problem for the investigation of efficient methods of sequential solution, which is the primary focus of the present work.
Equation ( (5) constitute a closed form solution to the classical bin problem for arbitrary values of the n's and Γ's which can be implemented using minimal computational resources to obtain the spatial evolution of drop size distribution.
PRELIMINARY NUMERICAL RESULTS
Equations of the form (4) and (5) can be used to investigate the differences in predictions produced by alternate models of the breakup process which produce different sets of n's and Γ's. To establish a baseline for these sorts of comparisons, n's and Γ's computed by the method of Nere and Ramkrishna (2005) will be employed to determine the spatial evolution of the drop size distribution in the present model problem. Simulations based on equations (4) and (5) can also be used to gain insight into the minimum number of bins required to produce an acceptable simulation, and this will be done. Information of this kind, will be helpful in planning CFD solutions of more complex problems. Figure 1 is a plot of the breakage frequency Γ versus nondimensional drop volume for the form of Γ given in Nere and Ramkrishna (2005) . This form of Γ was obtained by Kumar and Ramkrishna (1996) by solving the inverse population balance problem using experimental data. As can be observed, Γ exhibits an exponential dependence on dimensionless drop volume.
For this form of Γ, the interaction co-efficients n i,k have been computed and were observed here to fall into a separable form, 
CONCLUSION
This paper has proposed an Eulerian multifluid model of airblast atomization. In addition, a recursive closed form solution to the classical bin problem has been presented. In the final paper, this solution will be used for the purposes described at the end of the previous section.
